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A review of theoretical work by the author and collaborators and related ex-

Iperiments is presented for two segments of laser-induced chemistry: molecular dy-

namics and rate processes in the 1) gas phase and 2) at a solid surface and gas-

surface interface. For the gas phase, the focus is on situations where the radiation

interacts directly with the dynamics to enhance or create new processes. The field

of laser-surface chemistry is still undergoing a procedure of definition, and pro-

gress to date is discussed. Theoretical failures as well as successes are analyzed,

and viewpoints are offered as to new directions for both theory and experiment.
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I. Introduction

The general field of laser-induced chemistry is well established and growing quickly.

The variety of chemical and physical processes (gas, liquid and solid) which have been

1-4
probed, influenced or even created by laser radiation is vast. Such processes have

been reviewed in the past, and the purpose of this article is not to repeat the details

found in Refs. 1-4 and other reviews available in the literature. Instead, we shall

focus on two segments of laser-induced chemistry in which our research group has been

working during the past six years.

The first segment is concerned with how intense laser radiation (power densities

typically greater than a MW/cm 2 , although we shall mention cases involving lower power

densities) might affect a molecular rate process by interacting directly with the dy-

namics of the nuclear and electronic motion. Review articles have appeared for both

the experimental5 and theoretical5 - 7 aspects, and we have written a review of our own

8
theoretical contributions as of three years ago (a brief review of more recent work

9
forms part of a paper which also deals with nonradiative processes ). In light of

these existing reviews, in this article we want to step back with a perspective and pick

out several processes and calculations which best illustrate (in our opinion) the

status of this field. We shall point out certain pitfalls and failures and then sug-

gest new directions which might prove fruitful experimentally.

The second segment addresses the influence of more moderate laser radiation (power

density generally less than a KW/cm 2) on molecular rate processes occurring at a solid

surface, including heterogeneous processes at a gas-surface interface (although we

shall also mention some processes involving intense radiation). This is a relatively

new area of chemistry, and perhaps as much information is still passed on by word-of-

mouth as in the open literature. We have written a review of our own theoretical con-

10tributions as of two years ago, and here we shall mention some main points of that
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review, describe some ideas which we are currently pursuing and offer a perspective

of this segment of laser-induced chemistry with regard to both basic and applied re-

search.

II. Gas-Phase Processes

A. General Concepts

With sufficient intensity a laser can actually interact directly with the

dynamics of a molecular rate process. This can be visualized by means of Fig. lc de-

picting a chemical reaction between atom A and molecule BC, where the big circle de-

notes the interaction region. This should be contrasted with Fig. la, where the ex-

ternal radiation (with photon energy fiw) is resonant with energy levels of a reac-

tant species, or with Fig. lb, where the radiation (iw) is not necessarily resonant

with levels of individual reactants or products, and this feature offers a new flex-

ibility in the use of lasers to influence chemical reactions. There are, however,

constraints on this flexibility, some of which are now understood and others which are

still being formulated. While this will be described in more detail in Part C of

this section, we shall point out a few constraints here.

1. Photon Absorption "Time" (Rabi Flopping Time)

Resonant processes require lower laser intensities than nonresonant

processes, and although the external radiation in Fig. lc is not resonant with the

levels of the individual reactants or products, the chances of the radiation influ-

encing the dynamics of the A+BC collision are enhanced if some sort of resonance

occurs during the collision. In this sense it is useful to construct adiabatic energy

levels parametrized by nuclear coordinates, where the laser then comes into resonance

at some point (or line or surface) between two such levels -'ang the course of a

nuclear "trajectory." Labelling the dipole operator by p and the two electronic levels

by i and j, we can express the transition dipole matrix as<jJUJ1j, and the strength of

the interaction between the molecular system and the laser is given by
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d = lE <j I U (1

where E is the electric field strength. [Strictly speaking, P^ and E are vectors, so

that Eq. (1) represents a dot product.] The Rabi precession frequency associated with

the transition between levels i and j is simply d ij/h. This frequency gives us a han-

dle on the "time" it takes to absorb a photon, and the greater (lesser) the intensity,

the less (greater) the time.

To be more quantitative, for a value of <jl li> of one atomic unit (1 a.u. =
-18 - -l

1 ea = 2.54177 Debyes; 1 Debye = 10 esu cm), dij has values of 0.002 cm , 0.6 cm ,

20 cm and 600 cm for laser intensities of I KW/cm , 1 MW/cm , 1 GW/cm and 1 TW/cm

respectively. The corresponding "times" for photon absorption (i.e., fI/2dij, strictly

known as the Rabi flopping time) are 1.25 x 10
-10 sec, 5.0 x 10- 12 sec, 1.25 x 10-13

sec and 5.0 x 10 sec, respectively. For a typical collision time of 10 to

10- 1 2 sec, it is clear that intensities of excess of 1 MW/cm2 are required (although

in Part D of this section we shall discuss situations where the intensity can be as

2low as 1 KW/cm).

2. Transition Dipoles

From the above arguments we see that the size of the transition dipole

plays a major role in the success of the laser-induced process, and this implies

that one should look for electronic resonances whenever possible rather than vibra-

tional/rotational resonances. Let us offer a few diatomic examples in support of this

* 111+
statement. Consider the HF molecule in its ground electronic state, X E , and the

transition dipole matrix element lIi. where P is the dipole moment, i.e., the

diagonal matrix element of i with respect to electronic degrees of freedom, and i

and j refer to vibrational levels (ignoring rotations). Some values of this element

in Debyes are:" 11 = 9.85 x 10-2, 2I1I' = 0.103, <3 IJpIJ = 0.1115,

<21pi0> = -1.25 x 10-2 and <3pj> = -3.23 x 10-2 The electronic transition

dipole from the XI1E+ state to the I state is higher by an order of magnitude, having

a value around 0.87 Debye at the equilibrium internuclear separation (0.92 A) and a
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value of 1.3 Debyes at a separation of 0.53 X.12 For CO in its ground electronic state,

1 +X E , some values of the transition dipole between both vibrational (first integer) and

rotational (second integer) states in Debyes are:1 3  <201IO0> = -6.43 x 10- 3 ,

<591pJ14,10> = 0.238 and <8711i178> = 0.295. The electronic transition dipole from

X l + to A 1I has a value of 2.0 Debyes, 1 3 and from a 3I to e 3 - it has a value of 1.27

14 2 +Debyes. For the XeF molecule, the dipole moment of the excited excimer state, 2 Z

at equilibrium separation is -1.2 Debyes, which is probably an order of magnitude

greater than the vibrational transition dipoles in that state, and the electronic

transition dipole to the ground state, 12 +, is 3.7 Debyes at equilibrium separation.1 5

2 +Finally, the NaXe molecule in its ground electronic state, X Z , has a dipole moment

of 2.4 Debyes and 0.16 Debye at internuclear separations of 3.0 A and 5.3 A, respec-

tively, and the corresponding electronic transition dipoles to the B 2 + state are 6.2

Debyes and 6.7 Debyes.1 6 '1 7 We should point out that the diagonal vibrational matrix

element (vibrationally averaged dipole moment) can be comparable to or even greater

than the electronic transition dipole; e.g., for HF(X1 Z+), <01Io> = 1.83 Debyes.

However, this has a much less significant influence on laser-induced vibrational

transitions from v=0 to v=l than <lhJI0> , and in general plays a small role except

at very high laser intensities, such as near 1 TW/cm
2

We therefore realize that it is better to look for situations where laser photons

come into resonance between electronic (or vibronic) potential energy curves or surfaces

of a molecular collision system than between vibrationally adiabatic curves or surfaces

associated with the same electronic state. This is especially important when the di-

atomic molecule of interest is homonuclear, say in an A + BB collision. By symmetry,

all vibrational matrix elements <i jjj> for BB are identically zero since P is zero,

and while A can induce a dipole moment in BB, the laser intensity required for the sit-

uation denoted by Fig. lc is generally greater for consideration of nuclear degrees of

freedom alone than for both nuclear and electronic degrees of freedom, i.e., electronic

transition dipoles.
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3. Molecular Picture and Electronic-Field Representation

There are two general ways of viewing and consequently analyzing the

situation of Fig. lc, and for simplicity let us restrict ourselves to an atom-atom

(A+B) collision system. The first way is known as the "atomic picture", which is ap-

propriate when the laser is resonant or slightly off-resonant with two atomic levels,

i.e., two levels of A, two levels of B or a level from each atom. When the laser is

off-resonant, say with two levels of B, the relative motion of A can be viewed as per-

turbing these atomic levels and "tunes" them into resonance with the laser. The second

way is the "molecular picture", whereby we view the levels of the A-B quasimolecule as

coming into resonance with the laser. While the molecular picture is more general, the

atomic picture can often be more convenient, particularly when the laser is near-reso-

nant with levels of A or B or with molecular levels of A+B at asymptotic separation.

For situations where the laser is far from resonance with asymptotic levels or where

the resonance occurs in the interaction region of a chemical reaction (e.g., A + BC

-* AB + C), the molecular picture is necessary. We shall adopt the molecular pic-

ture for purposes of illustration in this article, bearing in mind that it is sometimes

more convenient (and appropriate) to use the atomic picture.

As a brief introduction to the molecular picture. we consider two field-free (with-

out laser) potential energy curves of an A + B collision system, W1 and W2, as functions

of the internuclear separation, R. In Fig. 2a the vertical line corresponds to a laser

photon in resonance between the two curves at the point R = R0 , where we can now view W

as shifted up in energy by w to intersect W2 at R0 . To complete the picture, we must

include radiative coupling, d12 [see Eq. (1)], which results in two new curves, E1 and

E in Fig. 2b, with an avoided crossing at R . As the laser intensity increases, the

avoided crossing becomes larger. E and E are known as dressed levels 18 or electronic-
1 2

field levels.
1 9
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A more general picture is offered by Fig. 3, where N is a photon number (i.e.,

the number of photons in the field), and E and E3 correspond to E1 and E, respec-

tively, in Fig. 2b for N=l. [since the shapes of the electronic field levels with

respect to R are independent of N, it is convenient to set N equal to one.] The four

electronic-field levels correspond to the eigenvalues of the matrix

W I+Niw d d 0

dW2+ (N-1) 0 d22

(2)

d 0 W + (N-l)fi W

0 d d W + (N- 2) fiw

[d d = d21 from Eq. (1), assuming real functions].

If we restrict ourselves to just the upper left 2 x 2 block, this is equivalent to mak-

ing the rotating-wave approximation (RWA), 20 and the two eigenvalues are approximations

for E 2 and E3. Of course, the block is automatically decoupled from the lower right block

(which gives E0 and E) in the case of a homonuclear diatomic molecule, since the dipole

moments of the two electronic states, d11 and d2 2, are zero. The forms of E0, E1, E2

and E3 under this block diagonalization are simply (for N=l)

E0 =W 1 -6/2-A (3a)

E1 = W + 6/2 (3b)

E2 = W2 - 6/2 (3c)

E 3 = W2 + 6/2 + A, (3d)

where A W + fw-W is the detuning and 6 1 N2 + 4d 2 _ A is called the ac Stark

shift (both A and 6 are R-dependent quantities). While the inclusion of d 1l and d22 can

modify the dynamics, 2 1 for single-photon absorption (or stimulated emission) it is usu-

ally a reasonable approximation to ignore virtual photon states and work with just the
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upper left block, unless the laser intensity is very high. [Exceptions occur when we

consider spontaneous emission, as depicted by the vertical lines in Fig. 3 and addressed

in Part D.l.a. of this section.] We should point out that the matrix (2) results from a

22,23 24
time-independent Schrdinger treatment. Within a time-dependent treatment, the

RWA involves discarding highly oscillatory terms and results in the same upper left

block.

As a final comment in connection with Figs. 2 and 3, these can be viewed for a

three-body A + BC system by regarding R as a translational or reaction coordinate, with

the remaining coordinate(s) perpendicular to the page of the figure. In this sense the

laser photon can be in resonance along a line in nuclear coordinate space (coming out of

the page). Here the resonance interaction time between the molecular levels and the

laser could be longer than for the case where the resonance occurs only at a single

point, which would then be more favorable for laser-induced effects.

B. Examples.

The amount of theoretical work in this area, dating back a decade and reviewed

in Refs. 5-7, far outweighs the experimental work to date. Nevertheless, the available

experimental results are exciting and provide definite proof of the ideas represented by Fig.

1c. We shall mention some of these results, beginning with energy transfer in atom-atom

col34ions and diatom-diatom collisions, passing on to chemical reactions, then colli

sional ionization, and ending with electron-atom collisions. We shall intersperse a

few of our own theoretical results, although our results will be utilized more in Part

C.

1. Energy Transfer in Atom-Atom Collisions

The first clean demonstration that laser radiation can interact with colli-

sion dynamics was carried out in a cell for the single-photon absorption energy

25
transfer process

1 0 2 1 2 1 2 1iSr*(5plP 0) + Ca(4s , S) + Tiw -D Sr(5s ,1S) + Ca*(4p ,1S), (4)
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where fiw is provided by a dye laser operating at 4977 A such that fiw matches the asymp-

totic energy difference between the two molecular states correlating to Sr*,Ca and

Sr,Ca*. This is a fine example of cooperative collisional and optical pumping, since

the collision alone does not populate Ca*, and the laser alone does not excite Ca( S)
t1

to Ca*( S) due to no parity change. It is important to realize that t matches the

energy difference between molecular states rather than individual atomic states. More

refined results along these lines were obtained for Eu + Sr collisions, with resolution

ofvros8 26 Mwc 2

of various P levels associated with Eu. The laser intensities ranged from a MW/cm

2
to a GW/cm . The atomic picture is suitable for describing these Sr + Ca and Eu + Sr

*processes, where the interaction of the radiation with the molecular system occurs at

long range where the atomic levels are perturbed only slightly. A key reason for the

success of these processes is that the laser interaction occurs over a long "time" in

the near-asymptotic region where the molecular potentials are changing only slightly.

We shall emphasize the importance of this in Part C.l.

2. Energy Transfer in Molecule-Molecule Collisions

The extension to diatom-diatom collisions was recently reported for the

CO + CO system, where one of the processes observed is
2 7

CO(A 1f,vl=5) + CO(X 1 +,v 2 =0) + fiw CO(X 1 +,Vl=l) + CO(B + ,v2
= 0) (5)

which involves the transfer of both electronic and vibrational energy transfer between CO

molecules. A first laser creates CO in a rovibronic level (v=5,J=12) of the A I1 state

via two-photon absorption, while a second laser (nonresonant with levels of CO) prepares

i+
a dressed or electronic-field state which can transfer its energy to CO(X Z ,v2=0) if it

-16 2
simultaneously makes a collision. Cross sections > 10 cm were obtained for an inten-

2sity of the second laser of 8 GW/cm

3. Chemical Reactions.

Ultimately the chemist is concerned with chemical reactions, and two

splendid examples have been provided. The first is a crossed-beam experiment (two molec-



9

ular beams and a laser beam) for the process
26

K(4 2S) + HgBr2  + fiw(595 nm) -- KBr + HgBr*(B 2E) (6)

22
where fiw from a dye laser (intensity - MW/cm ) is nonresonant with any levels of the re-

actants or products. Emission from HgBr* at 500 nm was observed only when the laser is

on, so that this is an example of a laser-induced reaction to form an excited electronic

state of a product which is inaccessible without the laser. The second example is a

29
cell experiment on the process

Xe + Cl 2+ fiw (193.3 nm) - XeCl*(B,C) + Cl (7)

where f5w is provided by an ArF laser. Emission from the B and C states of XeCl was

observed only when the ArF laser was on.

In both of the above examples, the laser evidently comes into resonance between

the ground potential energy surface and the excited surfaces correlating to the excited

product states. However, there appear to be strong differences between the two examples.

K reacts with HgBr 2 to form HgBr in its ground electronic state in the absence of the

laser, where the reaction is known to proceed through the formation of a long-lived com-

30
plex. Therefore one might view (6) more as a laser pumping the K-HgBr2 quasimolecule

rather than interacting to a large extent with the collision dynamics. For the case of

31(7), the ground electronic state of XeCl 2 lies about 1.8 eV above the Xe + Cl2 asymptote,

implying a sizeable barrier to reactive Xe + Cl2 collision. This suggests that the laser

is interacting with the collision dynamics to enhance or even cause the reaction as a

whole, whether or not we are looking for XeCl* or XeCl. It is possible that the photon

absorption process tends to lengthen the time of collision, i.e., a XeCl2 complex might

be formed via photon absorption which then dissociates to XeCl* + Cl.

4. Col lisional Ionization

Several definitive experiments have been performed on the collisions

of alkali atoms in the presence of various lasers, both under molecular beam conditions
32

_AL
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and in a cell, 33 and on Sr + Cs collisions in a cell. 34 In one of the molecular beam

experiments on alkali-alkali collisions, two Na beams were crossed with two lasers

32
(fi1 and 2) to result in the processes

+

Na + Na + w 1 + 2hw - Na2 + e (8a)

+
Na + Na + fiw + 2T1iw 2 Na + Na + e. (8b)

2 2f 1 was fixed on resonance with the 3 S --* 3 p atomic transition while fiw was varied
1 2

from 16,121 cm to 17,321 cm (with an intensity around 10 MW/cm ). While the spectra

+ +
of Na2  (associative ionization) and Na are peaked at the values of {iw2 corresponding to

22two-photon (2f 2) atomic resonances, there is considerable structure in the spectra be-

tween the peaks, corresponding to two-photon transitions into the electronic continuum.

35One can view the first fiw 2 photon either as "resonant" with a virtual atomic state or
36

as resonant with two excited-state molecular potentials of the Na-Na system. The

second photon then couples a discrete state with the electronic continuum. This is an

important feature of laser-induced collisional ionization, since we are no longer locked

into the picture of Fig. 2 showing a localized resonance configuration. The "resonance"

of the photon between bound and continuum states can occur over a wide, continuous range

37
of nuclear coordinates, which is favorable for laser-collision interactions.

Reaction (8b) represents a laser-assisted Penning ionization pr;Dcess, where colli-

sional ionization does not occur in the absence of the laser. It is interesting to also

consider laser-modified Penning ionization, where collisional ionization does occur with-

out the laser, and an example has been provided by a theoretical calculation performed

38
in our laboratory for the process

He*( 3S) + Ar t fiw --- He + Ar+2P) + e (9)

The energy spectrum of the emitted electron shows three peaks for a single-photon proceks.

The central peak due to Coulomb coupling corresponds to ionization without the laser. The

peaks on either side, separated in energy by 2hw, result from radiative bound-continuum

coupling, where the peak lower in energy corresponds to stimulated photon emission while

the higher peak corresponds to absorption.



While (9) has not yet been observed experimentally, support for this idea comes

from experiments on electron-atom collisions in the presence 
of a CO2 laser,

e (E.) + Ar ± nfiw -0 e (Ei±niw) + Ar, (10)

where E. is the initial energy of the colliding electron. The energy spectrum of the1

scattered electron shows well-defined peaks each separated by f w, where n as high as 3

was observed.

C. Pitfalls

After performing calculations on a variety of physical processes, we have

gained some understanding of the unfavorable conditions for the situation depicted in

Fig. ic. We have just mentioned systems with favorable conditions in Part B, and here

we shall draw on the results of some of our own work to point out pitfalls which should

be avoided or carefully considered by both experimentalists and theorists.

1. Potential Surface Shapes, Radiative Coupling and Collision Times

The first pitfall is associated with the relative times of collision and

photon absorption (strictly speaking, the Rabi flopping time in the latter case), alluded

to earlier in Part A.l. As the collision time increases, the required Rabi precession

frequency d ij./t [see Eq. (1)] and hence the required laser intensity decreases. This fact

was important in the success of the energy transfer experiments reported in Refs. 25 and

26, where the laser photon is near-resonant with potential energy curves for a long range

of the internuclear separation. The opposite situation occurs for the F + H2 reaction in

the presence of a Nd:glass laser,

2 wF(P ) + H2 -- HF + H, (11)

as shown schematically in Fig. 4 where two potential energy surfaces are sketched along

a reaction coordinate, s. The lower surface correlates from F( 2P 3/2) + H2 to HF( E +) + H

and the upper surface from F*(2P1/2) + H2 to HF( I3H) + H, where HF(1' 3 ) is inaccessible

for energies of chemical interest (<5 eV). The photon comes into resonance with the sur-

faces in the exit valley as the products are receding from each other. There are two

disadvantages to this: First, the difference between the slopes of W and W2 ' Awl

& i .. . .. . . ... ... .... . .. ... .. .. .
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IdW2/ds - dW1/dsl, is very large, and a simple inspection of the Landau-Zener-like

formula for a local transition probability between the surfaces [see Appendix B in

Ref. 24],

p = exp[-rd 2 /(2vfW')], (12)

where d1 2 is given by Eq. (1) and v is the relative nuclear velocity, shows that this is

* unfavorable for strong dynamic transitions via radiative coupling. Second, the products

are separating very rapidly due to the large exoergicity (-1 eV). In fact, for a typical

classical trajectory three quarters of the total time is spent up to the saddle-point

region, with only a quarter of the time in the exit valley. This leaves little "time"

for strong interaction with the radiation field. As a result, semiclassical calculations

* 2
show that the laser intensity must be increased beyond a TW/cm before interesting effects

* occur, namely, where the branching ratio HF(v=3)/HF(v=2) becomes greater than unity (it

is less than unity in the absence of the laser).40 Even though we are capitalizing on

an electronic transition dipole, we have no advantage over a process which depends solely

on vibrational dipoles.41

The most obvious remedy is to decrease the frequency of the laser so that the res-

onance occurs closer to the saddle-point region, where the slope difference is smaller

* and the nuclei are moving more slowly. This has been tried, computationally, and

indeed the threshold intensity for laser-induced effects goes 
down by two orders of

42
magnitude. A useful way to understand how the electronic transition dipole

1 1 +
operates is to view the H product atom as serving to tune the 

i1 and E labels of

HF down into resonance with the photon, so that radiative coupling 
is essentially

dominated by the strong electric dipole transition between 
these levels. As we

back up around the saddle point, the strength of this electric 
dipole coupling

decreases exponentially to zero, so one cannot reduce the 
photon frequency too much.

For example, a CO2 laser photon (tw=0.i1
7 eV) would come into resonance in the

reactant region where the electric dipole coupling is zero and 
the radiative

coupling is essentially magnetic dipole. However, magnetic dipole coupling is

' L , • II
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typically two or more orders of magnitude less than electric dipole; for the 2 P 3/23/2

spin-orbit transition it is only 0.008 a.u. Further discussion on the favorable

conditions for the process on Fig. ic in terms of the features of shapes of potential

energy surfaces and radiative coupling can be found in Ref. 44, which uses the reaction

Li + HF 0 LiF + H as an example.

2. No Net Absorption or Emission

The term "photon catalysis" has been suggested for processes involving

45no net absorption (or emission) of photons. While this represents an exciting prospect,

such a process often requires far too high laser intensities to be feasible. In fact, the

F+H2 example provided in the previous two paragraphs involves no net photon adsorption,

which is why fiw is written above the arrow in (11) rather than on the same line as the

reactants, and why the vertical arrow in Fig. 4 is double-ended. The laser simply serves

to mix or couple the upper surface with the lower surface along a small portion of a tra-

jectory. This is a second-order effect, which by definition has a lower probability than

a first-order effect such as actual photon absorption (net photon absorption leads back to

reactants). A clearer way to demonstrate the nature of this second-order effect is to con-

sider the quenching of F*( P 1/2) by collision with Xe in the presence of the 248-nm light

of the KrF laser,

Xe + F*(2 P /2) + liw -- Xe + F( 2P 3/2) + 4iw. (13)

A classical-like interpretation (see Fig. 5) is that Xe and F approach each other on an

excited covalent potential curve, up to the point where -tw is resonant with this curve

and an excimer curve correlating to Xe+  + F-, so that the system absorbs a photon (ver-

tical arrow pointing up). The system then proceeds on the excimer curve until the energy

difference between this curve and the ground-state covalent curve is -w, at which point

there is stimulated emission of a photon (vertical arrow pointing down). This stimulated

Raman-like two-photon process is second-order, and as a result fully quantum mechanical

calculations show that the quenching process is enhanced by the KrF laser only for inten-

sities on the order of 10 GW/cm 2 or higher. The lesson to be learned is that whenever L._ _ _ _ _ _ _ __ _ _ _ _ _ _ _
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possible, one should choose a process involving net photon absorption (or emission).

There are, nevertheless, situations where second-order processes can be made to look

7,9,45
more like first-order processes, and this will be discussed in Part D.2.c of this

section.

As a final comment, the expense to set up the laser(s) is the same whether or not

there is net photon absorption. The prospect of capturing and re-using photons in a

situation where there is no net absorption is not yet well defined, either in terms of

the procedure or the cost.

3. Very High Laser Intensities

In general, one should try to work with processes requiring as low a

laser intensity as possible. A possible source of worry for experiments conducted in

cells is gas breakdown (much less so for beam experiments), 46 although for reasonable

pressures (<100 torr) we would expect that the laser intensity would have to be well be-

yond 100 GW/cm2 before breakdown occurs. 47 Although this problem can be abrogated, one

should worry about competing processes occuring in the presence of intense radiation,

e.g., stimulated Brillouin scattering, blooming, self-focusing, etc., which could mask

the process of interest. To a certain extent some of these stimulated processes, which

sometimes occur primarily in the forward direction defined by the radiation propagation

vector, might be avoided by making measurements away from this direction, e.g., placing

a photodetector at 900 to the laser beam if fluorescence is being measured. In any

event, higher intensities tend to increase the number of competing processes which

might camouflage (or even preempt) the process of interest.

Laser characteristics become more critical in a theoretical study as the

intensity increases. Throughout most of our calculations we have made a single-mode

approximation for the radiation field. Model studies comparing results for single-

mode, two-mode and ten-mode-locked lasers have shown this to be an accurate approxi-

2 48mation provided the laser intensity is < 10 GW/cm , The explicit consideration

of the coupling of photon angular momentum with the molecular angular momentum
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makes a quantum mechanical treatment intractable, but model studies have shown that most

of the complexities associated with this problem can be safely ignored or easily approx-

2 49
imated provided the laser intensity is <i00 GW/cm

D. New Directions

1. Bound-Continuum Interactions

There are a variety of interesting experimental measurements and theoretical

studies which can be carried out for processes involving bound-continuum interactions,

i.e., coupling between a bound molecular state and a continuum. We shall address two

such processes here: spontaneous emission and chemi-ionization.

a. Spontaneous Emission

A collision system can in principle emit photons in a continuous

range of frequencies by means of coupling to a vacuum field. This can occur with or

without an external laser field present, and for the moment let us consider the situation

where the external field is absent. Within a Franck-Condon-type approximation, one can

a
regard the molecular collision system in terms of fclassical trajectory propagating on an

excited-state potential surface. It can emit a photon of frequency w at some point R

in nuclear configuration space, where f w equals the energy difference at R0 between thei0
excited and ground-state surfaces, W2 and W 1, respectively. We can envision shifting

2
W 2 down in energy byh4w to cross W 1 at R 0 (analogous to Fig. 2). The resulting electronic-

field curves exhibit an avoided crossing brought about by radiative coupling to the vac-

uum field, and a transition from E to E corresponds to no photon emission. The prob-

ability, p, of the transition is given by Eq. (12), except now d12 represents the rad-

iative coupling to the vacuum field. Of course, at a previous point infinitesmally

close to R0 , the system also did not emit a photon, and in fact, up to R0 we have a

50
"continuous" product of p-factors for not emitting a photon. This product, known as

a pre-emission loss probability, can be represented in terms of an integral up to R0

Ip = exp[-50dR(R] , (14)

where

- r-
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(R) = Td 2/ (2vriAW' (R) 1. (15)

Let us now assume that photon emission actually occurs at R0. This corresponds to the

system remaining on E2 with a local probability of l-p, so that the overall probability

P for emission at R0 has the form

= [R 0 dR (R] x exp[- (R0 ) ] (16)

To generate the entire emission spectrum or lineshape, we must evaluate Eq. (16) for a

grid of points in the continuous range of emission frequencies. This equation holds for

a single-passage trajectory, as in the reactive system mentioned in the next paragraph.

For double-passage it can be readily modified. Improvements on this approach are possible,

51such as removing the Franck-Condon-type of approximation, 51but we shall not go into the

details here. The above discussion corresponds to a first-order version of a

semiclassical theory of spontaneous emission in a collision situation which is capable

of treating the molecular dynamics in detail.5 1

Our motivation for developing the above theory has come from beautiful experi-

52
mental results on far-wing emission in the F + Na2 reaction:

F + Na2 -- FNaNa *  -* NaF + Na( 2S) + fiw. (17)

The transition state FNaNa** occurs on an excited-state potential surface correlating to

NaF + Na( 2p), so that emission to the ground-state potential surface correlating to NaF +

I2
Na( 2S) is in the wings associated with the D-line emission. This far-wing emission,

whose intensity is about six orders of magnitude less than that of the D-line emission,

contains information on the F-Na-Na three-body interactions. [The system can also pro-

ceed to the ground-state potential surface via nonradiative non-Born-Oppenheimer coupling,

which competes with spontaneous emission.]

53
The next step in the experiment, which has already been suggested, is to apply an

intense laser to (17), off-resonant from the D-line. In this case one can envision four

electronic-field states as forming a spectrum for spontaneous emission, where the dy-

namical treatment is similar to that given by Eqs. (14)-(16), except W1 and W2 are now

replaced by a corresponding pair of electronic-field surfaces. 
54 Since there are six
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distinct pairs of electronic-field surfaces, in principle an emission spectrum could

have six peaks. However, we would be elated to see three peaks corresponding to: 1)

the solid vertical line in Fig. 3, 2) the two dashed lines on the left (or an isolated

atom these lines coincide precisely) and 3) the dashed line on the right of the solid

line. This is similar to what has been observed in studies of the collisional redis-

tribution of light in atom-atom collisions in the presence of a laser field of frequency

w, where the spectrum has one component at w and two at w±(A+6), A being the detuning

and 6 the ac Stark shift [see Eq. (3)]. There is an active interest in the general

topic of line broadening for atom-atom systems in intense laser radiation (see,

for examples, Refs. 55-58], and it would be exciting to extend such work to chemical

reactions such as (17).

A logical further step in the study oi. ipoatezieous emission occurring in molecular

collision systems irradiated by intense laser radiation is the delineation of polar-

ization effects5 6 '59'60 The basic idea can be presented in terms of Na + Xe collisions

initiated on the X 2E ground-state potential curve in the presence of laser radiation

with a linear polarization. The molecular system can make a (measurable) transition to

2 2 2
the B Z excited state if (i) the photon energy is resonant with the X EI and B EI curves

at some internuclear separation and (ii) the polarization of the radiation has some com-

ponent along the direction of the internuclear axis (as the quasimolecule rotates during the

collision, this component changes). Let us now presume that a photon has been absorbed

2
such that the molecular system is in the B EI state. This state is coupled to two de-

2 2
generate A 2 states, so that (via nonadiabatic transitions) the A 2 states as well as

the B 2E state become populated. Asymptotically, the B 2E state correlates to Na*( 2P0 

2 2+ Xe and the A 21 states toNa*( P ±) + Xe, where the subscripts refer to projections of

electronic angular momentum onto the body-fixed internuclear axis. Transforming to

relate these states to their space-fixed counterparts, we can then determine a cross

section for populating a specific space-fixed Na*( 2P) state. When the 2P0 state fluoresces,

'41
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linearly polarized light is emitted, while the 2P±I states decay with circularly polar-

ized light. The inclusion of spin-orbit coupling will highly complicate this picture,

adding more coupling among the electronic states and splitting the asymptotic degeneracy

of the 2P states. However, the physics is largely unaltered: linearly polarized light

goes in, but both linear and circularly polarized light can be emitted. The amount of

coherence retention (i.e., amount of linearly polarized light emitted) is an interesting

question to be studied for atom-atom systems such as Na + Xe and for reactive systems.

The polarization of fluorescence from electronically excited products in the absence

61-63
of intense laser radiation has been studied, and the inclusion of intense field

effects is an interesting venture.

b. Chemi-Ionization

In Part B we indicated that collisional ionization, known also as

chemi-ionization, represents a very feasible avenue for laser-induced effects. The

reason for this is that the "resonant" radiative coupling between a discrete molecule

state and the electronic continuum can occur over a wide range of internuclear configu-

ration space, so that lower laser intensities are possible as compared to the discrete-

discrete radiative coupling depicted in Fig. 2. A natural extension of this idea from

the atom-atom systems discussed in Part B.4 is to atom-diatom and chemically reactive

systems, e.g.,

A + BC + fiw -- AB + C + e. (18)

2. Two Radiation Fields

a. Two Different Intense Lasers

For a molecular system in the presence of a single laser, the cross

section for a single-photon process is dominated by linear behavior with respect to the

laser intensity (up to some threshold where nonlinear behavior begins), while the cross

section for a two-photon process is dominated by quadratic behavior. When two different

lasers are used (intensity Ii and frequency wi' i=i,2), a two-photon process (fIw + fiw2)
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goes as the product 112. In other words, the behavior is linear with respect to each

laser intensity individually. We have verified this with calculations

on Na + Xe collisions in the presence of two different lasers,
64

Na(3 2S) + Xe + fi + f2 --* Na(4 2S) + Xe, (19)

where lwi1 and iw2 are not resonant with states of atomic sodium. The use of two lasers

offers flexibility over a single laser, particularly when one is trying to find resonant

points within two (or more) different pairs of potential curves or surfaces, whereby a

two-photon process might be more readily achieved than with a single laser.

b. Laser-Magnetic-Field Effects

01 In the presence of a strong magnetic field, molecular terms other than

singlet undergo Zeeman splitting, giving rise to distinct multiple branches. Such branches

together with photon-dressing of electronic states by an intense laser yield a multiwell

picture, which in turn leads to extra interference effects associated with the nuclear

motion. This can result in different dynamical behavior from that found with just the

laser.

We have explored this idea in connection with laser-induced predissociation of

65
diatomic molecules. [In Ref. 65we were interested in molecules adsorbed on ferro-

magnetic metals,66 ,6 7 where the magnetic field can be as high as 107 Gauss. However,

the formalism developed there can readily be applied to laser-induced gas-phase predis-

sociation in the presence of a strong magnetic field.] Using semiclassical techniques

we have calculated total level widths and hence dissociation rates for H2, CO and 02.

3 +In H2  for example, the repulsive E curve is split into three distinct branches by
2F u

the magnetic field. For H2 and CO our results show an enhancement up to 20% (for a

laser intensity of 108 W/cm 2 ) for laser-magnetic-field induced predissociation over just

laser-induced predissociation. For 02, however, there is a diminution until the laser

2
intensity reaches 10 TW/cm . In this last case, the magnetic field may be viewed as an

agent to sustain bound states in the presence of the laser. The fact that the presence

.., .......
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of a magnetic field causes a diminution rather than an enhancement might be used advan-

tageously; i.e., one may want to use a magnetic field with a laser to block certain un-

desirable reaction pathways.

c. Transition State Spectroscopy

A possible way to alter the dynamics of chemical reactions without

the necessity of high laser intensities is to take advantage of quasibound states which

exist when the scattering energy lies close to the energy of a bound state of the mo-

lecular system. Effective control of a reaction might proceed from control of the

"transition state", and as a step towards understanding this, we suggest the possibility

of doing spectroscopy on the quasibound vibronic-field (or rovibronic-field) states

9,68,69
formed by a molecular collision in the presence of a laser.

To illustrate this idea, let us consider the Xe + F collision system and restrict

ourselves to just one covalent curve, say the ground-state one correlating to Xe + F in

Fig. 5. We then reverse the sign of the arrow to indicate photon absorption to an ex-

cimer state via radiative coipling with a Uv laser (fiw). The excimer state supports

vibrational levels, and let us now envision the application of a second (IR) laser

MW2) to induce a transition between two of these levels. The transition is actually

between vibronic-field levels (i.e., the vibrational-electronic levels dressed by the

first laser), but the energies of the field-free vibrational levels are very close to

those of the vibronic-field levels. The separation of the collision partners can take

place by several different pathways, the main one involving stimulated emission of a

photon of frequency w1. Hence the collision partners gain translational energy of t 2

where the second laser induces "laser heating".

The entire process involves the absorption of two photons and the emission of one

photon, yet the cross section has the order of magnitude of a single-photon process.

This is attributable to the nature of the resonance: the effect of the radiation-induced

interaction with the bound states is to hold the molecule together sufficiently long so
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that the system can undergo subsequent absorption (h2) and emission (hw In this

sense the first photon absorption event is the "rate-determining step".
2

An attractive feature is the relatively high total cross section (up to a A 2

which can be achieved at fairly low intensities for both lasers (as low as a KW/cm 2).

The procedure is to tune the UV laser and the collision energy to maximize the resonance

molecular scattering and the Franck-Condon overlap (and also to reduce the slope dif-

ference between the potentials at the photon resonance point). In fact, the success

in doing this experiment should be better with low intensities rather than high inten-

sities, since the latter would cause too much power broadening of the molecular levels

and hence reduce the opportunity for achieving resonance molecular scattering.

We have verified the above statements by means of quantum mechanical calculations

68,69
within a Fano-type formalism. The absorption lineshapes for the second laser are

very sensitive to the choice of frequency of the first laser, which suggests this pro-

cedure might be a useful probe of the molecular potentials. Since the overall process

is a model for the situation where one laser creates a quasibound collision complex and

the other transfers energy within it, a good possibility exists, not just for collisional

spectroscopy, but also for enhancing curve-switching probabilities by coupling the rel-

evant nuclear continua to bound electronic states. The ultimate interest is in pushing

these ideas for chemical reactions.

III. Surface Processes

A. General Concepts

The studies of gas-phase processes such as described in the previous section

are extremely important for understanding the microscopic details of chemical dynamics

and reactions. This understanding leads to a better physical interpretation of a variety

of important phenomena such as occurring in the upper atmosphere or in specific appli-

cations like a gas laser. Nevertheless, most chemistry in the real world occurs in

condensed phases, and many practical questions about the utility of basic research

seem to center on heterogeneous systems,e.g., gas-solid, gas-liquid and liquid-solid

systems. Laser-induced chemistry in condensed phases or heterogeneous systems is not as
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well established as in the gas phase, although there seems to be a rapidly increasing

effort (especially among gas-phase chemists) to explore how lasers can induce or influence

molecular dynamics in condensed phases.

In this article we want to focus on a specific area, namely, laser-induced surface

processes, where the surface is an adspecies-substrate (or adsorbate-adsorbent) system

in a vacuum or in the presence of a gas, i.e., the gaseous form of the adspecies (the

substrate can be a metal, semiconductor or insulator). Strictly speaking the system

in a vacuum is not heterogeneous, although it is convenient to regard it as so, in the

sense that the adspecies plays the role of a foreign (gaseous-like) species stuck to

the solid substrate, with properties usually different than the substrate. This is

especially true with physisorption, where binding energies of the adspecies to the sub-

strate are less than 1 eV. Furthermore, in the event of desorption whereby the adspecies

breaks auay from the surface, we immediately have a gas-solid interface.

The static properties of the adspecies-surface systems have been well studied by

a variety of spectroscopic techniques, using an external source of electrons or photons

as a probe. The properties studied include the electronic level structure, the site

geometry and site selectivity in co-adsorption. The techniques include LEED (low-energy

electron diffraction), PES (photoelectron spectroscopy), FEM (field emission microscopy),

FIM (field ion microscopy) and synchrotron radiation sources. On the other hana, dynam-

ical processes (with the exception of elastic and inelastic gas-surface scattering) are

not as well studied. The dynamical processes of interest generally involve the adspecies

and include adsorption, desorption, migration across the surface, diffusion into the bulk

and chemical reactions. Our interest in the remainder of this article will be in how the

laser can be used as a stimulant of dynamical processes, bearing in mind that it can also

be a powerful tool as a probe of static properties. We shall only address several key

processes, and for more inclusive reviews we refer the reader to Refs. 1, 10 and 70. [Be

aware of the dat9 of a given review when reading it, since the field of laser-surface

chemistry is new and changing rapidly.]
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Consider a solid surface as represented schematically by a well-ordered lattice

in the upper left portion of Fig. 6. A triatomic species is purely gaseous at its furthest

distance from the surface. As it approaches the surface, it could enter a state of physi-

sorption, corresponding to binding energies of 0.1 to 1.0 eV. This is indicated by the

shallow well in the potential energy diagram. Chemisorption corresponds to binding

energies of 1.0 to 5.0 eV or higher, and this is indicated by the deep potential well.

One can then envision shining a laser on the chemisorbed adspecies, where the radiation

is resonant with a bond within the adspecies (right wiggly arrow) or is resonant with an

adsorptive bond which connects the adspecies with the lattice or substrate (left wiggly

arrow). Depending on the density of states as a function of frequency of the adspecies-

substrate system and the coupling between the adspecies and the surface vibrations (optical

and acoustic phonons), the absorbed photon energy could stimulate one (or more) dynamical

processes such as desorption by breaking the adsorptive bond, or migration of the adspecies

leading to chemical reaction, or the photon energy could be dissipated into the bulk of

the substrate with little apparent change on the adspecies. This last option is the least

interesting from a chemical point of view, but it is one that cannot be ignored.

71
A provocative experiment was reported over five years ago. An adspecies-: uicrate

system, where the adspecies was the hydroxyl group (OH) and the substrate was silica

(SiO2 ), was irradiated in a vacuum cell by a CW CO2 laser 
with an intensity of 10 W/cm 2

The laser frequency was tuned to 950cm to overlap the absorption band associated with

Si-OH stretching oscillations. The rate of disappearance of OH was measured by monitoring

-i
the disappearance of the spectral line at 3750 cm associated with the O-H stretch. The

experiment was repeated without the laser by heating the cell to 650*C. Again the OH

was observed to disappear, but at a rate much slower than with the laser. Whether the

dehydroxylation proceeded via direct desorption of the hydroxyl group or via migration

of two hydroxyl groups to form water was not determined. However, the low-power laser

was far more effective in inducing dynamical behavior at the surface than conventional
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thermal heating. In another experiment involving low-power (30 W/cm 2 ) CO2 laser ir-

radiation of silica in an ammonia atmosphere, the rate of decomposition of chemisorbed

NH2 groups was found to be three orders of magnitude larger than that of the corresponding

72
thermal reaction.

A controversy about the interpretation of the above experiments is whether they in-

volve true selective (nonthermal) excitation or if the laser is simply providing very

efficient local heating. This is not an issue which will be resolved in this article,

although various points associated with the controversy have been addressed in previous

73-76papers. These points involve the density of states as a function of frequency, the

coupling between the adspecies and the surface phonons (including the role of multiphonon

versus single-phonon coupling) and the related question of the lifetime of the states

connected with the adsorptive bond. For example, higher lifetimes are better candidates

for selective excitation, and one would expect hiqher lifetimes as the difference between

the frequency of the adsorptive bond and those of the surface photons becomes greater.

Many of these same points must be addressed in the intr--pretation of multiphoton excita-

77
tion of gas-phase molecules. We would suggest that the issue of selective versus ther-

mal is perhaps not as critical as one might suspect. If dramatic effects can be achieved

with local laser heating as compared with themal oven heating, then the result looks sim-

ilar to a selective process, even though coherent multiphoton excitation might not actually

be taking place. A fair amount of both theoretical and experimental work is still neces-

sary to resolve this controversy (which is most likely very system dependent).

We want to emphasize the low laser intensity (10-30 W/cm 2 ) used in the above ex-

periments to achieve results with IR radiation which resemble those in gas-phase systems

with much higher intensities. 77 An important difference between the surface experiments

and the gas-phase experiments is the time scale, which tends to be on the order of sec-

onds to minutes for the former and microseconds or shorter for the latter. One might

argue that the longer time scale enables multiphoton excitation with lower intensities.
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Support for this idea perhaps comes from ion cyclotron resonance experiments on multi-

photon dissociation of gas-phase ions using low-power (1-100 W/cm 2 ) CO laser radiation,
2

78
where an ion cai, be trapped under nearly collisionless conditions for several seconds.

Interesting laser-surface experiments are not restricted to IR radiation nor to

low powers. Furthermore, new chemistry can be achieved by exciting the substrate directly

rather than the adspecies. We shall touch on these other types of processes as well as

low-power IR-excitation processes in Parts B and C below.

B. Classes of Processes

Depending on the type of laser and adspecies-substrate system, different degrees

of freedom will be predominatly excited by the incident radiation. It is useful to divide

these into nuclear and electronic degrees of freedom, whereby a given process can be viewed

as caused by the excitation of certain nuclear degrees of freedom, certain electronic de-

grees of freedom or some combination of both. We shall discuss such excitations below.

1. Nuclear Degrees of Freedom

In this case we are mainly concerned with IR radiation which vibrationally

excites a bond within an adspecies or an adsorptive bond. This vibrational excitation

can in turn be transferred to bulk or surface vibrations of the crystal (phonons). In

a quantum mechanical description the Hamiltonian can be written as 10,73-76,79,80

H = H + H + H + H + H. (20)A B HAB HABA HAF

t
It is convenient to use annihilation and creation operators, a. and a., separately for1 1

the active mode which is laser excited and b and b for the remaining modes. A can then

be written approximately as

H = Eli(WE*a a.)a a (21)
A 1

where wi. is the vibrational frequency, c* is an anharmonic correction and the sum runs1

over lattice sites indexed by i. H takes the form

H = Zw b b (22)
B v v vv
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where \ is an energy level index. HAB is

t +
H Zi (F. B a. + FkB a) (23)

AB 1 iv Iv iv {li

where F.iv is a multiphonon coupling constant and B = flbV. The interaction between

the radiation field and the active mode is given to first order as

HU = fi [Vi (t) (a. + a )] (24)

.4 where V. (t) is a matter-field interaction term incorporating the Rabi frequency. H
1 AB

represents a coupling from the active mode to the remaining modes, and HABA represents a

feedback mechanism to the active mode.

The information concerning selective and thermal processes and hence the degree of

coherent excitation as compared to laser heating is contained in HAB and H ABA . The main

obstacle to a realistic calculation is Fiv , and efforts are underway to find reasonable

ways to determine this for metal substrates from semiempirical and "almost first-principles"

* approaches. In the meantime, we have varied parameters to investigate the necessary

74- 76
conditions of selective excitation. One of the general conclusions, which is not sur-

prising, is that coherent multiphoton excitation leading directly to desorption is more

likely for longer lifetimes of the laser-excited mode(s). To be specific, for a laser

pumping rate of 5 x 108 sec-  (or intensity of 30 W/cm2 ), a lifetime of a microsecond
-2

can result in selective excitation, whereas a lifetime of 10 microsecond tends to result

in thermal heating (this is typically for a metal substrate). The mechanism for laser

*excitation might also involve features of the adspecies-substrate system which are not

explicitly displayed in Eq. (20), such as the image field or surface roughness which

have been considered in the interpretation of surface enhanced Raman scattering (SERS)

experiments.
8 2 '8 3

One can take a purely classical approach and solve the equations of motion for a

model system. We have tried this for a linear chain of silicon atoms (substrate) with

an oxygen atom (adspecies) on the end (...Si-Si-Si-Si-O) and a linear chain of lead with

hydrogen on the end (...Pb-Pb-Pb-Pb-H).84 We were able to determine the band structure
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(dispersion relation) and relate it to features of the minimum laser intensity (as a

function of the laser frequency) needed for desorption of oxygen or hydrogen. As ex-

pected, the absolute minimum occurs when the laser is resonant with the absorptive bond

(Si-O), although a relative minimum occurs when the laser is resonant with a Si-Si bond

to directly excite an optical phonon of the substrate. Interestingly enough, four to

five substrate atoms are sufficient to describe zhe flow of energy between the adspecies

and the substrate, i.e., extending the chain to ten atoms yields no new information.

Extending our studies to a gas-solid interface, we have developed a kinetic model

85
of laser-stimulated desorption utilizing the generalized Langmuir kinetic equation.

With the help of some simple relations, one can evaluate the coverage by the adsorbate

and also study the structure of the adsorbent surface by measuring the laser-enhanced

partial pressure above the surface.

We have also considered energy transfer in gas-surface scattering in the presence of

a laser field using an effective single-phonon model for the surface, where this phonon

can be excited by both the incident atom and the laser.86  Using classical mechanics we

have shown that there exists an interference effect of the gas atoms and the laser rad-

iation in transferring energy to the surface, which can be either constructive or de-

structive depending on the details of the experimental conditions and the system param-

eters. Calculations for helium scattering off tungsten, however, have shown that the

fraction of interference (with respect to energy transfer from just the gas or just the

2
laser) is only as high as 0.01 for a laser intensity of 10 GW/cm

2. Electronic Degrees of Freedom

We shall focus our attention here on direct laser excitation of electronic

states within the substrate. We are particularly interested in adspecies-semiconductor

systems, and as a first step towards treating these we have considered the semiconductor

alone. A typical band structure or dispersion relation is displayed in complex crystal

momentum space (k + iK) for a one-dimensional lattice (e.g., of Si atoms) in Fig. 7.

L.-
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The real axis lies along a fixed direction in the first Brillouin zone, where the recip-

rocal lattice constant, g, equals 2fT divided by the equilibrium separation between two

lattice atoms. The valence band is denoted by V and the conduction band by C, with E
g

designating the band gap energy. The special feature of semiconductors which does not

occur in metals (or insulators) is the presence of surface states, denoted by S. These

states are localized in coordinate space and are functions of the complex momentum.

Using a quantum mechanical model, we have derived an expression for the absorption

87cross section for a transition from the valence band to the surface band. The cross

section vanishes near fiw=E /2 (w is the laser frequency), where no surface states exist.

On the other hand, it tends toward infinity at the extremes fiw -4o 0 and fiw --+ E,g

where K-- 0. This occurs because, at the surface band edges, the charge associated with

the surface states becomes more and more delocalized throughout the lattice, until at

K = 0 the charge is completely delocalized. At this point the surface states become bulk

states, and instead of "cross sections" one should really be speaking of absorption "co-

efficients".

Our main interest is in using a laser to alter the surface charge density. Since

the effective charge depth turns out to be (1/(2K)I, we wish to excite states with large

values of K. For Si at the maximum K, the surface charge depth is 1.39 lattice constants

(i.e., 1.39 times the equilibrium separation), so that the charge is confined to a region

near the top of the surface. Hence we are interested in a laser tuned to a frequency

near E /2 to be an effective controller of surface charge (not precisely where the cross

section vanishes but near it). Since the energy gaps for most semiconductors are around

1 eV, the frequency of interest will be in the infrared to low visible region.

The shift in electronic charge and the resultant Coulomb interaction could have a

88
significant effect on the desorption of an adspecies, particularly for a polar adspecies.

When such interaction is repulsive, desorption should be enhanced, and calculations along

89
these lines are in progress.
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3. Electronic-Nuclear Degrees of Freedom

In general, any electronic excitation resulting in a dynamical process will

also involve a vibrational excitation. For example, in the previous example, since most

common semiconductors have indirect band gaps (i.e., the minimum in the conduction band is

not located over the maximum in the valence bond as in Fig. 7), to excite states in these

gaps would require phonon excitation in addition to electronic excitation.

For the case of laser-induced predissociation of a diatomic (or larger) adspecies,

the dynamics involves the coupling of electronic and nuclear motion associated with the

adspecies. Interactions with surface phonons can modify this coupling. A convenient

way to view this process is in terms of photon-phonon-dressed levels, where the electronic

levels of the adspecies are dressed simultaneously by the laser field and the surface

phonons.
6 7

For atom-surface scattering one can capitalize on the concept of photon-dressed or

electronic-field states to predict that laser radiation may have appreciable effects on

diffraction patterns if the radiation is capable of inducing electronic transitions in

90
the projectile atoms with a large probability. We estimate, however, that laser in-

tensities would have to be at least a MW/cm2 for this to occur.

C. Applications

1. Heterogeneous Catalysis

In spite of its very young age, the field of laser-surface chemistry appears

to already have exciting prospects for practical applications. The power of solid sur-

faces as catalysts for numerous chemical reactions is so well established in both research

and production that we need not provide references here. The wide use of surface cat-

alysts does not necessarily imply a thorough understanding of how they actually operate,

and to a large extent surface catalysis represents black magic, at least from the per-

spective of a chemical physicist. Admitting a certain ignorance of some of the micro-

scopic details of surface catalysis, we nevertheless take the bold step of asking whether
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lasers might be used to enhance a surface-catalytic process. Can a laser and a surface

be used in a synergistic fashion to form a catalyst which is better than the surface (or

laser) alone? Strictly speaking, the laser will in general not be a catalyst itself

since photons will be absorbed.

An experimental example which supports this idea is the bimolecular reaction of

91
NO and C H to produce CO2 . This reaction, carried out in a flask with mixtures of
2 2 4 2*

gaseous NO and C H at 0.1-1.0 torr, was catalyzed by Pt in the form of a spirally-
2 2 4

wound filament. The reaction was repeated in the presence of an Ar+ laser (488 nm) with

a power output of one watt, resulting in a fourfold increase in the production of CO2.

#J
Another example is the catalytic decomposition of formic acid on Pt, where it was found

that irradiation by a CO2 laser (9.6 um) with a power of ten watts resulted in an increase

of the CO 2/CO product ratio of 50% over that in the absence of the laser.

2. New Reaction Schemes

The combined use of lasers and surfaces might result in a more favorable

reaction scheme for making a certain compound. For example, KrF laser (249 nm) irrad-

iation of a sulfur surface in the presence of ethylene vapor yielded ethylene episulfide.
9 2

The laser intensity was around a MW/cm 2 , and it is possible that there was multiphoton ab-

sorption at the rhombic surface (S8 molecules), which does absorb at 249 nm. This is be-

lieved to be the first synthesis of a simple episulfide directly from elemental sulfur.

Two attractive features of this scheme for making ethylene episulfide are: 1) it ap-

parently avoids the production of mercaptans and 2) The reagent elemental sulfide is

extremely inexpensive.

3. Microelectronics

The potential of laser-surface processes for practical applications has

received more publicity in connection with microelectronics than any other area. In a

recent workshop devoted to the study of the interaction of laser radiation with surfaces

for application to microelectronics, representatives from over twenty-five laboratories

.... ..
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93
(domestic and foreign) reported on results pertinent to this topic. The hope is that

lasers can enhance the fabrication of very large scale integrated circuits (VLSI).

The most common use of lasers along these lines is in the annealing of semicon-

ductors. Semiconductors used for integrated circuits must have well-ordered crystal

structures, with selected impurities to provide the free electrons (n-type) or "holes"

(p-type) that give the semiconductor its precise electrical properties. A popular

method of adding controlled amounts of the impurities is ion-implantation. The injection

of the ions disrupts the crystal structure, and this damaged material is annealed in a

furnace for about an hour at 1,0000C to restore the regular lattice structure. However,

due to the long time of this annealing process, unwanted impurities find their way into

the material, and furthermore, the semiconductor wafers may become deformed. The laser

2
(fluence - J/cm ) has come to the rescue by delivery of heat rapidly to a small area of the

material (as small as a few square microns). Since the layer being laser heated is very

thin compared to the thickness of the overall material, it also cools quickly and the

bulk is not heated significantly.

While the above process of laser annealing is exciting, it does represent a thermal

process which is essentially at an engineering stage. However, there are other processes

in connection with microelectronics which involve true laser-induced chemistry at a basic

95
research stage. We shall mention some examples below.

Metal deposition on semiconducting and insulating surfaces has been induced by a

frequency-doubled Ar+ laser (257.2 nm).96 The laser was focused onto the surface within

a cell containing a few torr of AI(CH3 ) 3 , where Al was then deposited on the surface:

Al(CH 3) 3(gas) + fiw -* Al + 3CH 3

condensation

Al(adsorbed) (25)

The metal deposits could be localized down to a micron, and by moving the substrate
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across the laser one could "write" metal lines at rates of 1000 A/sec in this lithographic-

like procedure. This operation is called laser-induced chemical vapor deposition (LCVD),

which has also been studied by using a CO2 laser to deposit various metals on different

substrates.9 7 In these experiments the laser was being used to dissociate metal com-

pounds to form metal atoms which can then be adsorbed. However, the radiation was focused

on the substrate, so that evidently the combined action of photodissociation and substrate

heating is the mechanism of deposition.

An experiment where this is not the case is one on surface etching by laser-generated

free radicals.9 8 Here a CO laser was directed at CF Br gas above a silicon surface2 3

coated with SiO Photodissociation resulted in CF3 and Br radicals which reacted with

the SiO 2 to form gaps in the coating. Since the radiation was aimed parallel to the

substrate, it is believed that there is probably no laser-surface interaction. Surface

etching, however, has also been carried out by shining a laser directly on a substrate,

and at the same time photolyzing a gas to create radicals which react with the surface

99
in the etching process.

The main message to be conveyed is that some of the most exciting experiments in

the area of microelectronics are based on laser-induced chemistry, either in the gas

phase above a substrate or at a gas-surface interface. Hence, basic research on laser-

surface molecular rate processes has a direct line to payoffs in applied science.
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Figure Captions

1. Representative illustration of the applications of lasers to studies of bimolecular

chemical reactions, where the circle denotes the interacion region. The first two

cases (a) and (b) correspond to laser radiation (w and i1, where w and w are

frequencies) of moderate or weak intensity; (a) is laser selection of an initial

energy level of the reactant BC, and (b) is the spectroscopic analysis of the pro-

duct AB (f5w corresponds to emission at a different frequency). For high enough
2

intensity the radiation can interact directly with the reaction dynamics, which is

the last case (c).

2. (a) The energy, E, of two field-free potential energy curves, W1 and W2, plotted

as a function of the internuclear separation, R. The vertical line corresponds

to a laser photon of energy fui in resonance with the curves at R = R0 .

(b) The electronic-field curves, E and E , resulting from (a).

3. Generalization of Fig. 2, where E2 and E 3 correspond to E1 and E , respectively,

in Fig. 2 with N=l. The vertical lines correspond to spontaneous emission, which

is addressed in Part D of Section II.

4. Schematic drawing of the field-free potential energy surfaces, W1 and W 2, including

spin-orbit coupling, along a reaction coordinate, s, for the F + H2 reactive system.

The photon energy from the Nd:glass laser is indicated by the vertical line, where

the double-ended arrow indicates both absorption (up) and stimulated emission (down).

5. Schematic illustration of a two-photon radiative quenching process.

6. Schematic illustration of physiosorption and chemisorption in an adspecies/substrate

system.

7. Dispersion relition in complex crystal momentum space (k + iK) for a finite linear

semiconductor chain. The valence, surface and conduction bands are labeled V, S

and C, respectively, and E is the band gap energy.
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